The spatial variation of methane contents and its stable carbon isotopic composition of sediments from a mesotrophic lake (Lake Biwa) were determined. Methane concentrations in the sediments (0-10 cm), ranging from 0.04 to 2.41 µmol ml -1 , were weakly correlated with the amounts of organic carbon in the surface sediments (0-2 cm), but were poorly correlated with the nitrogen isotopic composition of the bulk sediments used as an indicator of the origin of the organic matter (autochthonous vs. allochthonous). The carbon isotopic composition of methane ranged from -61 to -80‰ and exhibited positive correlation with methane concentration and the carbon isotopic composition of total carbonate (∑CO 2 ). The apparent fractionation factor (αcCH 4 -CO 2 ) between methane and ∑CO 2 was in the range between 1.07 and 1.085, which were rather high compared to previously reported values in freshwater sediments. The results suggested that major parts of methane were produced via CO 2 -H 2 in the Lake Biwa sediments.
The spatial variation of methane contents and its stable carbon isotopic composition of sediments from a mesotrophic lake (Lake Biwa) were determined. Methane concentrations in the sediments (0-10 cm), ranging from 0.04 to 2.41 µmol ml -1 , were weakly correlated with the amounts of organic carbon in the surface sediments (0-2 cm), but were poorly correlated with the nitrogen isotopic composition of the bulk sediments used as an indicator of the origin of the organic matter (autochthonous vs. allochthonous). The carbon isotopic composition of methane ranged from -61 to -80‰ and exhibited positive correlation with methane concentration and the carbon isotopic composition of total carbonate (∑CO 2 ). The apparent fractionation factor (αcCH 4 -CO 2 ) between methane and ∑CO 2 was in the range between 1.07 and 1.085, which were rather high compared to previously reported values in freshwater sediments. The results suggested that major parts of methane were produced via CO 2 -H 2 in the Lake Biwa sediments.
Water temperature, sedimentation rate, and composition of organic materials deposited are different not only among lakes but also within a lake, especially when the lake is large. The littoral sediment is characterized by relatively high temperature and load of organic matters from terrestrial origins, while the profundal sediment is constantly low in temperature and rich in organic matters derived from the primary production inside a lake (Yoshioka et al., 1988; Murase and Sakamoto, 2000) . Such heterogeneous distribution of organic matters and temperature conditions can lead to a spatial variation in methane production within a lake (den Heyer and Kalff, 1998) . The purpose of our study is to investigate the spatial distribution of methane in sediments within Lake Biwa, a largest mesotrophic lake in Japan. The
INTRODUCTION
Methanogenesis is the most important terminal process in the anaerobic metabolism of freshwater sediments. Methane production is mediated by a complex microbial community and influenced by several environmental factors. For example, temperature strongly influences both the rate and pathways of methane production (Zeikus and Winfrey, 1976; Schulz and Conrad, 1996; Schulz et al., 1997) . The amount of available organic matters is another controlling factor for methane production in lake sediments. Comparative studies on methane production have been conducted in the sediments of lakes with different water temperatures and productivity (Casper, 1996; den Heyer and Kalff, 1998) . stable carbon isotopic compositions of methane and carbon dioxide were measured to discern the methane production pathways. The relationships between methane distribution and some environmental factors were discussed.
MATERIALS AND METHODS
The lake sediments were collected from July 1997 to July 1999 in Lake Biwa ( Fig. 1 ) using a gravity corer (i.d. of 5 cm). The surface portion (0-10 cm) was subsampled from the core sample with a 50-ml truncated glass syringe. The syringe was plugged with a butyl rubber stopper and stored in an icebox until gas analysis that was carried out within 2-3 hours after sampling.
Methane and total inorganic carbon (∑CO 2 ) in the syringe were extracted in a He-purged glass container (300 ml in capacity) to which 60 ml of 1N H 2 SO 4 and 10 g l -1 CuSO 4 solution had been added (Fig. 2 ). Methane and CO 2 released to the gas phase were analyzed by a gas chromatograph equipped with a flame ionization detector and a thermal conductivity detector (Shimadzu GC-14B). The amounts of methane and ∑CO 2 in sediment samples were calculated from their concentrations in the gas phase using the Bunsen adsorption coefficient. The carbon isotopic compositions of methane and ∑CO 2 were determined by a GC/GC/C/IRMS system (Sugimoto, 1996) . The stable carbon isotopic compositions are expressed in per mil deviation from a standard as follows: where R denotes 13 C/ 12 C. Standard material is PD Belemnite. Carbon dioxide, the isotope composition of which had been previously determined, was used as a working standard.
RESULTS AND DISCUSSION
Methane contents in sediment ranged from 0.04 to 2.41 µmol ml -1 of sediment. The water depth of the sampling sites, which is used as a surrogate variable for temperature (den Heyer and Kalff, 1998) , is poorly correlated with the methane concentration (Fig. 3(a) ). Methane concentrations exhibit a weak correlation with the total carbon content in surface sediments (0-2 cm) ( Fig.  3(c) ). The total carbon contents of the same samples were taken from Murase and Sakamoto (2000) .
Nitrogen isotopic composition of sediment can be used as an indicator for the origin of the deposited organic matter. Autochthonous organic matter is characterized by high δ 15 N values, while allochthonous organic matter has relatively low δ 15 N values (Yoshioka et al., 1988; Murase and Sakamoto, 2000) . Autochthonous organic matter is decomposed more easily than allochthonous organic matter (Yoshioka et al., 1989) and contributes to the development of anoxia and methanogenesis in sediment. It is thus expected that high methane concentration correlated with high δ 15 N values. However, the correlation of δ 15 N values with methane concentration was unexpectedly weak (Fig. 3(d) ). These results suggested that the amounts of deposited organic matter may be a more predominant factor over the origin of organic matter in controlling methanogenesis in sediment.
The regression of methane with carbon content still left a large amount of residuals, suggesting the existence of other variables. Escape of produced methane from the sediment due to diffusion or compaction of the sediment might be possible. Another possibility for the residuals may be heterogeneous distribution of oxidants in sediments. It is suggested that the fraction of or-
Fig. 3. Methane content vs. (a) water depth, (b) ∑CO 2 , (c) total carbon content, and (d) δ 15 N value of the sediments samples from the north (᭹) and south (×) basins of Lake Biwa. The total carbon content and δ
15 N value of the sediment for the surface portion (0-2 cm) of the same samples were taken from a literature (Murase and Sakamoto, 2000) . ganic carbon metabolized to methane is controlled not only by the deposition rate of labile organic carbon but also by the availability of oxidants such as O 2 , NO 3 -, Fe(III), Mn(IV), and SO 4 2-. Spatial heterogeneity of the oxidants might influence methanogenesis. With a few exceptions, sediments from the south basin showed higher ∑CO 2 to methane ratios (Fig. 3(b) ) than those from the north basin, suggesting more oxidative degradation of organic matter in the south basin. Oxygen is likely supplied continuously to the sediments of the south basin due to shallow water depth (<5 m). Figure 4 illustrates the relationships between δ 13 C CH 4 vs. methane and δ 13 C CH 4 vs. δ 13 C CO 2 .
Excluding one datum from the south basin (-60.7‰), δ 13 C CH 4 values ranged from -70.9 to -79.7‰, and δ 13 C CO 2 values were within the range from -8.8 to 6.5‰. The ranges were wider compared to δ 13 C values of the bulk sediment ranging from -25.6 to -24.6‰ (Murase and Sakamoto, 2000) . These values of δ 13 C CH 4 and δ 13 C CO 2 were lower and higher than most of those previously reported values for freshwater sediments and were similar to those observed in marine sediments and peat bogs (Whiticar et al., 1986; Lansdown et al., 1992) . The δ 13 C CH 4 value exhibited a positive correlation with methane content and the δ 13 C CO 2 value (Fig. 4) . The apparent carbon isotopic fractionations (αcCO 2 -CH 4 ) between methane and ∑CO 2 ranged from 1.064 to 1.084, which were also similar for marine sediments but not for freshwater sediments (Whiticar et al., 1986) . Two primary metabolic pathways are generally recognized for biological methanogenesis: fermentation of acetate and reduction of carbon dioxide, and the low δ 13 C CH 4 values and high αcCO 2 -CH 4 values both suggested that methane in the sediments of Lake Biwa is predominantly produced via CO 2 reduction pathway (Whiticar et al., 1986; Sugimoto and Wada, 1993) . Previous studies, however, have often reported that acetate fermentation is the major pathway of methanogenesis in profundal lake sediments (Schulz and Conrad, 1996; Schulz et al., 1997; Nozhevnikova et al., 1997) . This inconsistency with previous studies might be explained by indirect methane production from CO 2 via autotrophic acetogenesis (Nozhevnikova et al., 1997; Hornibrook et al., 2000) . Carbon isotope fractionation for acetate production from H 2 and CO 2 was reported to be compatible with that for the methanogenesis of the CO 2 reduction pathway (Gelwicks et al., 1989) . When acetate is poor in pore water, both the direct methane production from CO 2 reduction pathway (CO 2 + 8(H) → CH 4 + 2H 2 O) and the indirect methane production via homoacetogenesis and acetate fermentation (2CO 2 + 8(H) → CH 3 COOH + 2H 2 O → CH 4 + CO 2 + 2H 2 O) would result in similar values of δ 13 C CH 4 . Another explanation may be possible by the effect of productivity of freshwater environments on the methane production pathway. Most of studies on methane production in freshwater sediments have been conducted in eutrophic lakes and marshes, where are rich in available organic substrates for methane production. On the other hand, Lake Biwa is categorized into an oligo-to mesotrophic lake. Furthermore, major part of methane production is in the subsurface layer deeper than 6 cm depth from the surface of the sediment, where the organic matter content is much lower than the surface (Murase and Sugimoto, in press; Murase and Sakamoto, 2000) . In anoxic marine sediments, availability of organic substrates for methanogenesis is generally limited by the activity of sulfate reduction especially in the surface part rich in labile organic matters (Zehnder and Stumm, 1988) . Oligotrophic lake sediments and marine sediments might be a similar environment in terms of low availability of organic substrates for methanogenesis. Methanogenesis from CO 2 reduction pathway is suggested to be relatively more important in decomposition of more extensively degraded or older organic matter in the subsurface sediment (Schoell, 1988) . Further study on direct estimation of methanogenic pathway in the lake sediment of Lake Biwa is in progress.
*Data of bulk sediment are taken from Murase and Sakamoto (2000). n.d.: No data. Appendix. (continued) 
